Mitochondriaare semiautonomous organdies which contain their own unique genetic system. The prevalent view regarding the origin of mitochondria is that they were modified from prokaryotic endosymbionts during eukaryotic evolution (1 1, 27). As prokaryotic genomes are condensed into nucleoids, mitochondrial genomes are not naked but rather form a mitochondrial nucleus together with RNAsand proteins (23). At present, a great deal of research is focused on the genes encoded in mtDNA, the organization and expression of mitochondrial genes, and nuclear genome contributions to the biogenesis of mitochondria and mtDNA.However, little is known about the proliferation, development and differentiation of the mitochondrial nucleus, although it is closely related to the inheritance and recombination of mtDNA,and the morphogenesis of mitochondria. Clues can be gained by taking a cytological approach. A fluorochrome, DAPI, is a highly sensitive and specific fluorescent probe which is useful for observation of the behavior of mitochondrial nuclei. Wehave studied the mitochondria, as well as mitochondrial nuclei, of yeast and the true slime mold, Physarum polycephalum with epifluorescent microscopy. P. polycephalum is a useful experimental tool because of its easily controlled life cycle and characteristic mitochondria. Its mitochondria provide a particularly favorable model for the analysis of mitochondrial behavior, and the nuclei can readily be examined light microscopically. The mitochondria contain nearly ten times more mtDNA than mitochondria from other sources (19). The mtDNAofP. polycephalum is packed to form a large, rod-shaped mitochondrial nucleus (23). Since this mitochondrial nucleus is easy to detect under DAPI epifluorescent microscopy, its behaviors can be observed throughout the mitochondrial division cycles at each stage of the P. polycephalum life cycle.
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Mitochondrial fusion has been reported in Saccharomyces cerevisiae based on serial sectioning and computer graphics reconstruction of mitochondria in various cell stages (35) . Employing the fluorescent dyes DAPI and DASPMIto stain mitochondria, Sando et al. (34) and Miyakawa et al. (30) demonstrated that the fusion of mitochondria occurs during sporulation in yeast. Experiments with antibiotic resistant genes in mtDNA clearly showed recombination of mtDNAin yeast. However, even in yeast, which has been the subject of extensive mitochondrial genetic analysis, no mutants have been characterized with specific defects in mitochondrial fusion processes, and the relationship between mitochondrial fusion and recombination of mtDNA remains obscure. In P. polycephalum, fusions between mitochondria and between their nuclei have been clearly demonstrated at specific stages of the life cycle (20, 32) . In contrast to mitochondrial fusion of S. cerevisiae, the studies on P. polycephalum mitochondria at the molecular level have shown that a mitochondrial plasmid is genetically associated with mitochondrial fusion.
In this review, we will describe the mitochondrial fusion phenotype promoted by a specific mitochondrial plasmid in P. polycephalum. Mainly, we will focus on the characteristic features of this mitochondrial fusion-promoting plasmid. The significance of this mitochondrial plasmid as a molecular symbiont in the evolution of sex is also discussed.
I. Fusions between mitochondria and between their nuclei in Physarum polycephalum Fusions between mitochondria and between their nuclei in P. polycephalum are observed in the meiotic sporulation stage (20, 32) . Sporulation of P. polycephalum occurs with a high degree of synchrony, and can easily be induced by illumination onto starved plasmodia. Approximately 14 hr after illumination, during a limited period in the late sporulation stage, mitochondrial fusion occurs at a high frequency (Fig. IB) . The small, spherical mitochondria fuse with one another to form dumbbell-shaped structures and other irregular forms. In these fused mitochondria, the fusion of nuclei is also observed. In spores, irregular-shaped mitochondria and their nuclei undergo successive rounds of unequal division until the daughter mitochondria are similar in size to the prefusion mitochondria. Kawano et al. (20) have studied the behaviors of mitochondria in various stages of the P. polycephalum life cycle. This life cycle includes two distinct vegetative forms: the uninucleate myxamoebaand the multinucleate, syncytial plasmodium. Among the distinct cell types of P. polycephalum, only the myxamoebaand plasmodium are capable of proliferation.
Spores of diploid plasmodia hatch to yield haploid progeny amoeba, which act as isogametes. Sexual fusion between haploid amoebaof different mating types yields diploid heterozygous zygotes. The zygotes develop into plasmodia, which may form lobed sporangia in response to starvation and illumination. Using epifiuorescence microscopy, the mitochondrial fusion is seen to occur in zygotes as well as in the sporulation stage. In all other stages, only a few multinucleate mitochondria are observed and they are thought to be due to proliferation of mitochondria just before division. The fusions between mitochondria and between mitochondrial nuclei provide a cytological basis for recombination of mtDNA. In respect of inheritance of mitochondrial genome, the link between mitochondrial fusion and the life cycle of P. polycephalum is clearly significant.
II. Genetic analysis of mitochondrial fusion Although multinucleate mitochondria resulting from the fusion of mitochondria have been observed in the spores of strain Ng, the spores of all other laboratory strains derived from crosses of several different natural isolates were found to contain only uninucleate mitochondria even at the late sporulation stage (20, 21) . It suggested that sporulation in most strains is not accompanied by mitochondrial fusion. Twodistinct mitochondrial phenotypes, mitochondrial fusion (Mif+) and non-mitochondrial fusion (Mif~), exit in various strains ofP. polycephalum (Fig. 1) . However, in almost all of the strains derived from crosses with the Ngstrain, mitochondrial fusion and nuclear fusion are observed in the spores. Genetic analysis employing these Mif+ and Mif~strains showed that the phenotype of mitochondrial fusion depends upon the presence of a single factor (mif+) which is transmitted to all myxamoebal progeny of Mif+ plasmodia. The preferential transmission of the mif+ factor suggests that it might be mitochondrial rather than nuclear in origin. Therefore, mitochondria of Mif+ and Mif~strains have been isolated and their mtDNAanalyzed. Based on agarose gel electrophoresis, the mtDNAof each Mif" strain forms a single lowmobility band as expected from the restriction map of the mtDNAconstructed previously (37). In addition to this main band, each Mif+ strain consistently generated a second band of about 16 kbp (20). These results suggest that the mif+ character might be carried on this mitochondrial plasmid. Genetic analysis showed that this plasmid and the mitochondrial fusion phenotype are transmitted to almost all progeny (21). This observation suggests a close relationship between the plasmid and mitochondrial fusion but does not completely indicate that mitochondrial fusion is promoted by the mF plasmid. This relationship was not confirmed unequivocally until mitochondria of Mif" strains derived from crosses with the Ng strain were shown to carry the deletion plasmid, as described below (see IV-2). 
III. Mitochondrial plasmid, mF
The mitochondrial plasmid associated with mitochondrial fusion is termed the mF (mitochondrial fusion) plasmid. To analyze mitochondrial fusion at the molecular level, a restriction map of the mFplasmid was constructed, from which the total nucleotide sequence of the mF plasmid was then determined (38, 40, 41) . The results showthe characteristic structural features and unique genetic organization of this plasmid (Fig. 2) .
7. Structural features of the mFplasmid. The mFplasmid is a linear molecule with terminal inverted repeats (TIRs) at both ends (38, 40) . The most characteristic structural feature is a repeating unit in the (Fig. 3a) . This structure may protect the terminal structure against degradation from the terminus, as in linear DNAmolecules. The sensitivity of both ends to Bal31 exonuclease confirms the linearity of the mFplasmid.
Moreover, the ends are sensitive to 3'-+5' exonuclease III but insensitive to 5'->3' X exonuclease (Fig. 3b) . It seems that the 5' ends of the mFplasmid are protected by terminal structures such as the terminal proteins of Adenovirus and Bacillus phage 029 (4). These observations suggest that ORF, which is related to the terminal protein, exists in the mF plasmid (see III-2-3).
Another noteworthy structural feature of the mF plasmid is that it has a 475-bp sequence which is identical except for being slightly shorter, to a 479-bp sequence of the mtDNA. At this so-called identical sequence, recombination occurs between the mF plasmid and the mtDNA,as described in detail below (see IV-1).
2. Open reading frames andputative functions.
The nucleotide sequence of the mFplasmid shows that it has ten ORFs ( strand. The number of amino-acid residues in the putative proteins derived from the nine ORFson the coding strand are 231, 163, 235, 118, 1130, 366, 309, and 547 from left (5' end) to right (3' end) on the map. These
ORFs are named based on the number of amino-acid residues. It is noteworthy that ORF 547 includes the TIRs. This ORF runs through the 591-bp TIR and terminates in the first 144-bp repeating unit. On the other strand, with the exception of ORF221, the mFplasmid contains no long ORFs (> 100 amino acids). Since ORF 221 starts in the 591-bp TIR and terminates in the repeating unit, it has the same amino-acid sequence as the C-terminus of ORF-547on the coding strand. Another feature is that ORF366 also includes an indentical sequence but the relationship of this ORFto recombination is unknown.
The mFplasmid is the longest of all sequenced and unsequenced mitochondrial plasmids (for review, see 22, 28) . All linear plasmids sequenced, to date, can be divided into two groups: two-plasmid system and oneplasmid system. Plasmids like SI and S2 of Zea mays are typical membersof the two-plasmid system group, in which one plasmid codes for a DNApolymerase and the other for a RNApolymerase. In contrast, plasmids such as kalilo of TV. intermedia and pAL2-l ofP. anserina code for both DNAand RNApolymerases. Some of the mitochondrial plasmids have a few short ORFsin addition to DNAand/or RNApolymerases. However, knowledge concerning their functions is still rather limited. It is known that senescence in Neurospora is induced by integration of the plasmid into the mtDNA. However, it is thought that this plasmid encodes none of the genes which cause senescence. What kinds of (1) DNApolymerase
The amino-acid sequence derived from ORF547 clearly has extensive homology with the putative DNA polymerases of other linear mitochondrial plasmids ( Fig. 4a; 40) . Two conserved domains are characteristic of the proof-reading and polymerization motifs of DNApolymerases of linear plasmids and linear phages (1, 8, 33) . The proof-reading domain, which has 3'to 5' exonuclease activity, is located at the N-terminus and three highly conserved blocks (Pol I, Pol II and Pol III) are located in the C-terminal polymerization domain. ORF547 contains these three polymerization blocks but is not observed in the proof-reading blocks. This result suggests that the DNApolymerase encoded by ORF547 has DNApolymerizing activity, but not proof-reading activity. All DNApolymerases from other linear mitochondrial plasmids have an exonuclease domain. The region encoding proof-reading activity in ORF547 may show little low homology with the proof-reading domain of DNApolymerases from other plasmids.
(2) RNApolymerase
RNApolymerase of the mF plasmid may be derived from ORF1 130 (Fig. 4b) . The amino-acid sequence derived from ORF1 130 shows relatively little similarity to the putative RNApolymerases of other linear mitochondrial plasmids and mitochondrial RNApolymerases from protists and fungi. According to Oeser and Tudzynski (33) and Court and Bertrand (8) , there are 12 conserved domains among RNApolymerases of linear mitochondrial plasmids (domains I-XII). The consensus sequences have been proposed by Chan et al. (6) . Although someconsensus amino-acid residues are absent from ORF 1130 of the mF plasmid, ORF 1130 does have five conserved domains (IV, V, VIII, X and XI) which are located in the correct order. The other seven domains are absent. To date, no RNAediting of the transcripts from the mF plasmid has been detected (43) . The RNApolymerase activity of the putative protein derived from ORF1130 has not been studied, but the preserved domains in ORF1130 may be the minimumrequirement for such activity. The hypothesis that ORF 1130 is an RNApolymerase of the mFplasmid is confirmed by the deletion of ORF1 130 leading to disappearance of accumulation of mFtranscripts, as described be-
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(3) Terminal protein ORF 309, located just in front of ORF 547, may be a terminal protein ( Fig. 4c; 41 brane-associated proteins amongORFsof the mFplasmid. Amongthe amino-acid sequences derived from the mFplasmid, only ORF640 has four putative transmembrane (TM) segments (Fig. 5a ). These segments are located at the N-terminus of the protein. Although this consideration is purely speculative and should be taken with extreme caution, ORF640may be related to the fusion of mitochondria. The C-terminus of ORF640 shows homology to the rod-like tails of chicken, rabbit and humanmyosin heavy chains, yeast myosin-like protein, lamin of Xenopus laevis, and human laminin. When the COILS program (ver. 2.2) is used to predict the coiled-coil structure (26), the C-terminus of ORF coiled-coil structure and TMsegment are important for membrane fusion, ORF640 may be a core component of mitochondrial membranefusion events. Studies are under-way to define more clearly the nature and function of the ORF 640 protein.
Other ORFsnot described above show no homology to the knownamino-acid sequences in the databases and contain neither TMsegments nor coiled-coil structures. The mFplasmid recombines with the mtDNAat the identical sequences (see IV-1). A search was conducted to identify conserved motifs in the site-specific endonuclease reported by Nakagawa et al. (31) Figure 2 is a schematic illustration of the expression of the mF plasmid (41) . This transcription is initiated adjacent to the end of the left TIRs, but not within the TIRs themselves. The transcription progresses toward the opposite end on the coding strand. There are three major transcripts of 1.0, 3.4 and 4.6 knt corresponding to the left region of the mF plasmid and long (more than 4.6 knt), low-abundance heterogenous transcripts corresponding to almost the entire mFplasmid. The shortest 1.0-knt transcripts correspond to ORF 231.
Transcription
The 3.4-knt and 4.6-knt transcripts correspond to the upper 4 and 5 ORFs, respectively. In addition to these transcripts, there are low-abundance, 3.5-knt transcripts, which correspond to ORF 1 130 (RNA polymerase) of the mFplasmid. Whether these transcripts are derived from longer transcripts or have an additional initiation site is unknown.The quantity of the mtRNA products corresponding to ORF231 is approximately 50 times that of such products corresponding to ORF 1130. Moreover, the quantity of the mtRNAproducts corresponding to ORF 1130 is approximately 10 times that corresponding to ORF547. Therefore, essentially 500 times more mtRNAcorresponding to ORF231 than to ORF547 is produced. It is unknownwhether the termination of transcription dependson the nucleotide sequence of these regions only or undecided ORF(s) associated with RNApolymerase of the mF plasmid.
IV. Inheritance of the mFplasmid /. Preferential transmission and recombination of the mF plasmid There is considerable research interest in the inheritance of mtDNAand the mFplasmid in the process of crossing with mitochondrial fusion. The RFLP of the mtDNAhas been used to distinguish each parental mtDNAin P. polycephalum (17, 18) . In crossings between the mF"myxamoebal strains that do not carry the mF plasmid, transmission of the mtDNAto plasmodia is uniparental; plasmodia of P. polycephalum always carry mtDNA with the restriction pattern of only one of the two parental types. Sexual development (crossing) is under the control of a mating-type system which consists of three multiple-allelic (at least 15) loci: matA, matB, and matC (for review see reference 3). To cross efficiently, myxamoebaemust carry different alleles of at least matA and matB. The identity of the mtDNAdonor in each pair is determined by matA, the alleles of which may form a hierarchy such that the mtDNA donor in any cross would be the strain of higher status with respect to matA (18, 29) . Whenthe matA hierarchy of the mF+ strain is higher than that of the mF" strain, the crossings between them preferentially take on the appearance of maternal inheritance. In crossings between the mF+strain and mF"strains with higher matA hierarchy, however, transmission of the mtDNA does not occur via simple uniparental inheritance; the plasmodia formed in such matings yield novel restriction fragments, as well as restriction fragments characteristic of the parental mtDNAs and the mF plasmid (20). Restriction mapping of the plasmodial mtDNAshows that a reciprocal cross-over occurs between identical sequences of the mtDNA of the mF" strain and the mF plasmid (39) . Therefore, the recombinant mtDNAgenerated has the terminus of the mF plasmid as its ends. Moreover, the mtDNA of the mF+ strain with lower matAhierarchy disappears. It seems that, with respect to the transmission of mtDNA,the mtDNA and the recombinant mtDNA are transmitted according to matAhierarchy even whenmitochondrial fusion occurs. The mechanismby which the lesser matA mtDNAin fused mitochondria is eliminated remains unknown. The mF plasmid is transmitted to progeny as a part of the recombinant mtDNA in addition to the plasmid form. In mF+strains, the mF plasmid invariably crosses over with the mtDNA. Thus, whichever mtDNA (from mF~or from mF+)is transmitted to the plasmodium, the sequence of the mFplasmid is maintained in the next generation as part of the recombinant mtDNA in addition to the plasmid form. The fusion of mitochondria is important and provides the basic mechanism for the spread of both the mFplasmid and the recombinant mtDNAwith the mFplasmid through the mitochondrial population.
Deletion of the mFplasmid
To detect a region which is associated with mitochondrial fusion in the mF plasmid, using fluorescence microscopy, strains showing defective mitochondrial fusion (AMif-) have been isolated from those showing normal mitochondrial fusion (42) . Although no mutagenesis was carried out, three AMif~strains were recognized among approximately 100 progeny of Ng derivatives and other strains which are believed to be derivatives of Ng. This result suggests a high recombination frequency in Physarum mitochondria. Using agarosegel electrophoresis to observe mitochondrial genome construction, it was found that mitochondrial genomes of AMif~strains show only mtDNAwhich recombined with the mF plasmid existing in mitochondria. There is no mtDNA without recombination of the mFplasmid and no complete mFplasmid as the plasmid form. Comparison of this recombinant mtDNA of one AMif" strain (NG15XRA669) with that of a Mif+ strain showed that a 2.2-kbp region including a sequence identical to that of the mF plasmid is deleted in NG15x RA669by recombination between the main mtDNA and the mF plasmid (42) . This deletion results in the deletion of ORF 1130 and ORF366. The plasmodium strain H10x RA669has the same mitochondrial gen-ome asNG15 x RA669. Intheother AMif strain, in addition to this deletion, a 6-kbp region including both termini is deleted by recombination at 6 repeats of AATsequences in the mF plasmid. In Northern hybridization experiments, no transcription of the mFplasmid of the AMif-strain (NG15 x RA669) is detectable (42) . The relationships among these deletions in the mFplasmid, the lack of transcription, and the absence of mitochondrial fusion confirm that ORF1 130 is the RNApolymerase of the mF plasmid and that the mFplasmid has the critical protein for mitochondrial fusion. other to form a large mitochondrion, the mFplasmid from the "paternal" lineage is preferentially transmitted to progeny as if it existed in the "maternal" mitochondrion. Moreover, the mFplasmid leads to the recombination between the mFplasmid and the mtDNA.These features of the mFplasmid are a reminder of conjugative plasmids of bacteria like the F plasmid in Escherichia coli. Thus, we have speculated that this phenomenon corresponds to sexuality in mitochondria (20, 22) . Hickey and Rose speculated that some of the genes controlling sex are originally selected as transposable elements (the symbiont hypothesis; 12, 13, 14). They proposed that plasmid-mediated recombination of chromosomal genes in bacteria can be explained as a by-product of the infectious transfer of these replicons and that the primary advantage of sex is thus conferred on genetic parasites, rather than host organisms. The weakness of the molecular symbiont hypothesis was that no gene that is an integral part of the eukaryotic sexual process has been shown to have been derived form a selfish mobile element. In this situation, the case of the mF plasmid is the first evidence for a relationship between the fusion and spread of selfish DNAin eukaryotes. Recently, a new class of selfish mobile elements, apparently endonucleases, as protein-introns has received increasing attention. These mobile elements are also related to the endonuclease encoded by the homothallic switching (HO) gene in the yeast Saccharomyces cerevisiae, the factor responsible for initiating a matingtype switching cascade in this organism (10). The relationship between HOendonuclease and protein-introns provides strong evidence for a mobile element actually becoming integrated into the sexual cycle of the nucleus. However, as for mitochondria, the relationship between mitochondrial fusion and genetic recombination of mtDNAhas not yet been clarified because even in yeast there is no mutant for mitochondrial fusion and no mitochondrial plasmid which is associated with mitochondrial fusion except the mF plasmid in P. polycephalum. In mitochondria, the initial stage of mitochondrial fusion may be associated with selfish DNA, followed by transfer of genetic information for mitochondrial fusion possibly from the mitochondrion to the nucleus. Analysis of the mF plasmid may provide important evidence of a relationship not only between recombination of the mitochondrial genome and mitochondrial fusion but also between selfish DNAmolecules and the evolution of sex.
2. Where did the mFplasmid come from? Whenand where did the mFplasmid enter the mitochondria of P. polycephaluml There are two hypotheses (Fig. 6) . One is that the mF plasmid entered with
Ng ( the endosymbiont which gave rise to mitochondria. The other, more speculative, hypothesis is that it entered the mitochondrion by horizontal transmission from some closely related species. Although the origin of mitochondria in P. polycephalum is thought to be monophyletic, the mFplasmid exists in only one strain, Ng. This suggests that all other strains have lost the mFplasmid or that horizontal transmission occurred. There is some evidence that transposable elements can be transmitted between species. It has been suggested that the P element of Drosophila melanogaster entered by a process other than normal mating from some distantly related species (9). It was recently reported that the mite Proctolaelaps can transmit P elements between hosts while feeding, and may therefore be responsible for transferring them between species (15). Little is known about mitochondrial genomes of Physaraceae except P. polycephalum. It would be worthwhile to search for the mF plasmid in the mitochondria of Physaraceae and possible vector species. There are two problems with the horizontal transmission hypothesis. First, there are no reports describing horizontal transmission of mitochondrial plasmids from other species. If a plasmid from another species enters a mitochondrion, it must travel through the three lipid bilayers which delimit the inside of the mitochondrion from the external environment. Another problem involves the structure of the mFplasmid. The mFplasmid has a sequence identical to that of mtDNAof P. polycephalum and this identical sequence is commonto all strains (42) . The high homology in the nucleotide sequence (more than 99%) suggests a commonorigin for these sequences. It is reasonable to speculate that the mFplasmid may have recombined with the mtDNA in an ancient strain and then become fixed after deletion of the entire sequence, and loss of the free plasmid. Another possibility is that the mF plasmid acquired the identical sequence from the mtDNAafter parasite entry into a mitochondrion. If the latter hypothesis is true, a plasmid lacking a sequence identical to that of mtDNAof P. polycephalum would presumably be present in mitochondria of other Physaraceae or possible vector species.
Conclusion and Future perspectives
The mitochondrial fusion plasmid, mF has been reviewed. The mFplasmid is one of the molecular symbionts in mitochondria and has DNAand RNApolymerases, a terminal protein, and a putative membrane fu- of the symbiont genome into the host cell nucleus; regulation of proto-organelle division by ring-forming cytoskeletal protein(s); and uniparental transmission of organelle genomesto progeny to avoid the evolution of organelles through recombination of the organelle genes of both parents. These viewpoints indicate that the mF plasmid operates in marked opposition to the host organism because it promotes fusion of mitochondria via its own genes thereby enhancing its own fitness. Indeed, if the origin of sex is related to parasite DNA, the origin of mitochondrial fusion may be selfish DNAlike the mF plasmid (22). It is thought that P. polycephalum offers a unique meansof studying the inheritance of mtDNAbecause it has the mitochondrial fusion-promoting plasmid, mF. Moreover, specific crosses between strains which have the nearest matAhierarchy result in biparental inheritance of the mtDNA(21). In P.
polycephalum, two mitochondrial genome inheritance patterns are employed. Recently, a DNAtransformation system for P. polycephalum was developed which allows integration into the cell nucleus (3). Using these systems, the specific detailed functions of the mFplasmid and manyother issues are anticipated to be open to investigation.
